A charge trapping layer that is separated from the primary gate dielectric is implemented on a FinFET SONOS structure. By virtue of the reduced effective oxide thickness of the primary gate dielectric, a strong gate-to-channel coupling is obtained and thus short-channel effects in the proposed device are effectively suppressed. Moreover, a high program/erase speed and a large shift in the threshold voltage are achieved due to the improved charge injection by the reduced effective oxide thickness. The proposed structure has potential for use in high speed flash memory.
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A silicon-oxide-nitride-oxide-silicon (SONOS)-type device is widely used as a memory cell in flash memory. 1, 2 The SONOS device has many advantages over the device with a floating gate structure due to its charge trapping layer. 3 The discrete trapped-charge storage of the SONOS device resolves capacitive coupling issue between adjacent floating gates, and thin gate stacks lead to the improved electrostatic characteristics, which allow downscaling of memory cells. The simple process and improved reliability of the charge trapping layer enables the SONOS device to be applied in three-dimensional (3D) stacked structure for ultra-high density flash memory. [4] [5] [6] [7] To achieve high performance with fast program or erase characteristics, new structures for the SONOS device have been proposed with the analysis of the charge injection mechanism. Formation of dopant-segregated Schottky-barrier on the source/drain increases program speed by the high efficiency of charge injection originating from sharp band bending at the source/drain. 8 Use of a high-k dielectric layer as the blocking oxide of SONOS increases the E-field across the tunneling oxide, leading to fast erase speed. 9 In a bandgap engineered (BE)-SONOS device, the tunneling oxide of SONOS is replaced by a BE ONO layer. 10 Efficient hole tunneling occurs under the high E-field due to the band offset of the BE ONO layer, which allows fast erase speed. In these SONOS structures for high-speed program/erase, the charge trapping layer should be inserted in the gate dielectrics and thus it is hard to reduce the effective oxide thickness (EOT) of the gate dielectric for obtaining a high gate-to-channel coupling. A new SONOS structure with a strong gate-to-channel coupling is needed to improve charge injection by E-field enhancement for fast program/erase characteristics.
In this work, we propose a new structure in which the charge trapping layer is separated from the primary gate dielectric, thereby reducing the EOT and enhancing the gate-to-channel coupling. 
035205-3
Ahn et al.
AIP Advances 7, 035205 (2017)
This structure is implemented on a FinFET device and its electrical characteristics are compared with those of a control device, i.e., a conventional FinFET SONOS device. The proposed structure shows the high gate-to-channel coupling verified by strong immunity to short-channel effects (SCEs) and the fast program/erase characteristics. Additionally, the analysis with TCAD simulation confirms that the reduced EOT at the fin sidewall increases the vertical E-field across the tunneling oxide to improve charge injection, resulting in the improved program/erase characteristics with high speed and low operation voltage. A brief process flow for the proposed SONOS device is shown in Fig. 1 . A p-type (100) SOI wafer with a resistivity of 8.5-11.5 Ωcm, a top silicon thickness of 55 nm, and a buried oxide thickness of 145 nm was used as the starting material. As the first steps in the fabrication of the proposed device, a 3 nm-thick tunneling oxide was thermally grown, and a 5 nm-thick nitride was subsequently deposited as a charge trapping layer. After a fin was patterned, the charge trapping layer which was separated from the primary gate dielectric consequently remained on the top of the fin. Then, a 10 nm-thick blocking tetraethylorthosilicate (TEOS) oxide was deposited; thus, the thickness of the primary gate dielectric was equivalent to the thickness of the TEOS oxide because of conformal step coverage of the TEOS oxide. For further optimization, a very thin interfacial oxide should be thermally grown prior to the deposition of the blocking TEOS oxide. It is also expected that such an extremely thin interfacial oxide will not sacrifice the reduced EOT in the proposed device but will further improve the interface property. For a control device, a fin without the aforementioned tunneling oxide or charge trapping nitride was first patterned. Second, oxide/nitride/oxide (ONO) was sequentially deposited as a gate dielectric. Thus, the charge trapping layer conformally wrapped the fin, and the EOT of the control device was thicker than that of the proposed device. For both devices, an n + in situ doped poly-crystalline silicon (poly-Si) was deposited as a gate electrode, and chemical mechanical polishing (CMP) was applied for the gate planarization. After the gate and spacer patterning, source/drain (S/D) implantation (arsenic, energy of 30 keV and a dose of 5×10 15 cm -2 ), RTP annealing (1000 • C, 5 sec), and forming gas annealing (N 2 :H 2 =10:1, 400 • C, 30 min) were subsequently carried out. For the scaling of the gate stack with a more thinned blocking oxide, 2017) it is necessary to utilize a high workfunction material as a gate electrode such as metal gate 11 and p+ Poly-Si, 12 etc. The scanning electron microscopy (SEM) image in Fig. 2 (a) shows the fabricated device after all process steps were completed. As shown in Fig. 2 (b) , the cross-sectional transmission electron microscopy (TEM) image of the fabricated device along the fin direction indicates that the nominal gate length of the fabricated devices is 50 nm, and the thicknesses of the deposited ONO layers are 3 nm, 5 nm, and 10 nm. Cross-sectional TEM images of the proposed device and the control device along the gate direction are shown in Figs. 2(c) and (d) , respectively. The charge trapping layers in both devices have the same thickness but the overall structures of the gate dielectric stacks notably differ. roll-off, SS, and DIBL than those of the control device. These results are originated from a higher gate-to-channel coupling due to a lower EOT value at the fin sidewall of the proposed device than that of the control device. Figures 4 (a) and (b) show program characteristics of the proposed device and control devices, respectively. The Fowler-Nordheim (FN) tunneling method is used by application of the zero bias to the source/drain and the program voltage to the gate. The transfer characteristics of both devices are shifted to the right during the programming. This confirms that the ONO layer works normally as the charging trapping layer. Whereas a parallel shift of the transfer characteristics is observed in the control device, the SS of the proposed device is increased due to the programming. This change of the SS in the proposed device is caused by the structural difference compared to the control device. The proposed device can be referred to as two parallel transistors: a top transistor with an ONO layer and a sidewall transistor without an ONO layer. At program state, the V T of the top 2017) transistor is increased but the V T of the sidewall transistor is constant, which results in the increased total value of the SS instead of a parallel shift of the V T . Despite the drawback that the high SS characteristics are not suitable for multi-level cell memory, the proposed device has the distinctive advantage of the improved charge injection for use in high speed flash memory, which will be discussed below. Figure 4 (c) shows the program characteristics of the fabricated device at various bias conditions. Under the same program voltage conditions, the proposed device shows faster program characteristics than the control device. As observed in the V T shifts according to the program voltages in Fig. 4 (d) , the program characteristics of the proposed device are better than those of the control device. In particular, a program voltage of 20 V is necessary to obtain the same V T shift at a program time of 32 ms in the control device, whereas a lower program voltage of 16 V is required in the proposed device. Figures 4 (e) and (f) show the erase characteristics of the fabricated devices. The programmed data is erased using the FN tunneling method. Similar to the trend observed in the program characteristics, the proposed device shows faster erase characteristics than the control device. Thus, erase with low voltage is achieved in the proposed device.
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The fast program/erase characteristics and the low program/erase voltage of the proposed device were verified by a 3-D TCAD simulation 13 with the same dimensions as those of the fabricated devices. Figure 5 (a) shows the cross-sectional E-field for the proposed and control devices. As shown in Fig. 5 (b) , the vertical E-field inside the tunneling oxide is strengthened in the proposed structure. We confirmed that the enhancement of the E-field is caused by the reduced EOT at the fin sidewall. Figure 5 (c) shows that downward band bending occurs due to the sidewall gates and the amount of band bending is increased as the thickness of the sidewall oxide is reduced. As shown in Figs. 5 (c) and (d), thinner primary gate oxide makes the energy band of the tunneling oxide steeper; the vertical field inside the tunneling oxide is enhanced. This result is verified in Fig. 5 (e), which shows that the vertical E-field increases as the primary gate oxide thickness is reduced. Therefore, this enhancement of the E-field boosts FN tunneling. It is concluded that the improved program/erase performance in the proposed device stems from the lowered EOT.
In conclusion, we demonstrated a FinFET SONOS device to improve charge injection with a separated charge trapping layer from the gate dielectric at the fin sidewall. The increased gate-tochannel coupling by the reduced EOT value at the fin sidewall not only suppressed the SCEs but also strengthened the vertical E-field inside the tunneling oxide to improve charge injection. The program/erase characteristics were enhanced with high speed and low operation voltage. Although further characterization and improvement of the device performance such as endurance and retention seem to be necessary, the new SONOS structure presented here will be used to design high speed flash memory. 
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